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Quantum Imaging Program
at Boston University

Brief history:

1982 - Klyshko (theory)

1985 - 1990 Malygin,  Penin, Sergienko (experiment)

1992 - 1996 Pittman, Strekalov, Klyshko, Sergienko, Rubin, Shih (experiment)

1993 - Quantum imaging with squeezed states 

Kumar, Lugiato, Gatti, Kolobov, Fabre, …(QUANTIM)

1996 - 2002 Quantum Imaging Laboratory at BU

Sergienko, Saleh, Teich (theory + experiment)  



Phase Matching TYPE I

Parametric Down Conversion - source of entangled states



Quantum Imaging
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B. E. A. Saleh, A. F. Abouraddy, A. V. Sergienko, and M. C. Teich
“Duality between partial coherence and partial entanglement”, Physical Review A, 043816 (2000).



T. B. Pittman, D. V. Strekalov, D. N. Klyshko, M. H. Rubin, A. V. Sergienko, and Y. H. Shih
"Two-Photon Geometric Optics", Physical Review A, v.53, p.2804 (1996).

T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko
"Geometrical Imaging by Means of Two-Photon Quantum Entanglement" Physical Review A , v.52, p.R3429 (1995).

• Bucket detector
• Transmissive object adjacent to detector (intensity modulation) 
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• Partially Reflective object
• Both intensity and phase modulation
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A. Abouraddy, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich
“Entangled Photon Fourier Optics”, J. Opt. Soc. Am. B,  v. 19, 1174-1184 (2002);

A. Abouraddy, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich
“Role of entanglement in two-photon imaging” Physical Review Letters , 87, 123602 (2001).



Holography?
= Recording & reconstruction of 
   a wave scattered from an object:
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Gabor Holography?

Coherent Source Hologram

= Self-referenced holography 



Entangled 2-Photon Quantum Holography

A. Abouraddy, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich
“Quantum Holography”, Optics Express, v.9, pp.498-505 (2001).

x2

x1

Gabor Quantum Holography

Coherent imaging  implies the possibility 
of holography



Quantum Imaging/Holography
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Quantum Metrology Program
at Boston University

Brief historical introduction:

1970 - Burnham, Weinberg (experiment)

1977 - Klyshko (theory)

1977- Khitaeva, Penin, Fadeev, Yanait (experiment) 

1981 - 1986 Malygin,  Penin, Sergienko (experiment)

1987 - Rarity, Tapster (experiment)

1993 - Kwiat, Steinberg, Chiao (experiment) 

1992 - 1996 Migdall, Sergienko (experiment)

1996 - 2002 Quantum Imaging Laboratory at BU - 

Quantum optical measurement for research and engineering

Sergienko, Saleh, Teich (theory + experiment)  



QUANTUM  METROLOGY
(Precise Optical Measurements Without Standards)
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Quantum Metrology for better metrologyQuantum Metrology for better metrology



Ellipsometry
Characterization of surfaces and thin films

Ellipsometry
Characterization of surfaces and thin films

† 

˜ r 1 2
p =

˜ N 2 cosq1- ˜ N 1 cosq 2
˜ N 2 cosq1+ ˜ N 1 cosq 2

= r1 2
pe jj1

˜ r 1 2
s =

˜ N 1 cosq1- ˜ N 2 cosq2
˜ N 1 cosq1+

˜ N 2 cosq2
= r1 2

se jj 2

2

~
N

1

~
N

p

s s

s

p

p

Ellipsometry Equations:

tan Y = rH / rV

D = jH - jV

q1

q3

q2



Need calibrated detector efficiency
Need a reference sample 
(limited to a single incidence angle and single wavelength)
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tan Y = rH / rV

D = jH - jV

•Coincidence scheme for optical detection of time-correlated photons alleviate the need for detector calibration.
•Non-local polarization entanglement between photons in the pair provides a universal self-referencing for
polarization-dependent measurement because one of twins travels in the air.
•First tests yielded reliable results for different semiconductor materials (Si, GaAs).
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Complete self-reference due to quantum correlation 
and polarization entanglement between two photons
(broadband and available for any angle of incidence)

Entangled-Photon Quantum Ellipsometry

Quantum Ellipsometry
Quantum Metrology for better research and engineeringQuantum Metrology for better research and engineering

•A. Abouraddy, K. Touissant, A. V. Sergienko, B. E. A. Saleh, and M. C. Teich “Entangled-Photon Ellipsometry”, J. Opt. Soc. Am. B , v. 19, 656-662 (2002).
•Abouraddy, K. Touissant, A. V. Sergienko, B. E. A. Saleh, and M. C. Teich “Ellipsometric Measurements Using Photon
Pairs Generated by Spontaneous Parametric Down Conversion”, Optics Letters, v.26, 1717-1719 (2001).



Quantum Ellipsometry EquationsQuantum Ellipsometry Equations
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To determine C, set q1 =90o:

To determine y, set q1 = 0o:

To determine D, set q1 = 45o:
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GaAs ( j   = 30o)GaAs ( j   = 30o)
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GaAs sample. Angle of incidence is 30o .
Data uses standard deviation for error.

Expected Y and D are 40.4o and 180o,
respectively. We obtained 40.5o and 179.8o .
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OPTICAL COHERENCE TOMOGRAPHY (OCT)OPTICAL COHERENCE TOMOGRAPHY (OCT)
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A. Abouraddy, M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich
“Quantum optical coherence tomography with dispersion cancellation”, Physical Review A, v. 65, 053817 (2002).
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A BURIED TWO-LAYER SAMPLEA BURIED TWO-LAYER SAMPLE
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SUMMARYSUMMARY

Quantum HolographyQuantum Holography
Covert imaging and Covert imaging and 

Imaging Imaging 
in hard to reach areasin hard to reach areas

Quantum Physics

Quantum Engineering

Quantum Technology

Quantum Imaging Quantum Metrology 

Phase ImagingPhase Imaging
Entanglement engineeringEntanglement engineering
for quantum informationfor quantum information

processingprocessing

Quantum EllipsometryQuantum Ellipsometry
Control of semiconductor and Control of semiconductor and 
polymer surfaces in research polymer surfaces in research 

and manufacturingand manufacturing

Quantum TomographyQuantum Tomography
Non-dispersive profilingNon-dispersive profiling

of semiconductor andof semiconductor and
biological objects biological objects 

http://www.bu.edu/qil             AlexSerg@bu.edu        http://people.bu.edu/alexserg 


